Photochromic surface coating on textiles may create new fashion opportunities. It also enhances the ultraviolet (UV) protection ability of the coated products. In this study, a spirooxazine dye and a silane that bears a long alkyl chain have been used to produce hybrid photochromic silica coatings on wool fabrics. Four stabilisers are added separately to the photochromic silica coatings to examine their influence on photostability and photochromic behaviour. It is found that the addition of UV stabilisers slightly reduces the photochromic response speed and photochromic absorption. However, the addition of UV stabilisers to the photochromic coating considerably improves the photochromic lifetime. Among the four UV stabilisers studied, the quencher results in the best improvement to photostability with the lowest reduction in photochromic absorption.
Introduction
Photochromism is a very interesting phenomenon in which colours are changed due to the irradiation of light. A good example that shows the photochromic effect is photochromic dye, such as spirooxazine. In their native state, they are colourless, but exhibit different colours when their molecules are irradiated with ultraviolet (UV) light, and return automatically to a colourless state upon removal of the UV irradiation.
Scheme 1 Structure and photochromic reaction of the photochromic dye.
The mechanism for the colour change in a spirooxazine is depicted in Scheme 1. The dye opens its oxazine ring upon UV irradiation to form a merocyanine structure that has a larger conjugated molecular system. As a result, the optical absorption is shifted from the UV to a visible region. After the UV exposure, the "ring-open" isomer returns automatically to a colourless "spiro" structure, because the "spiro" isomer is a thermodynamically stable state. The colouration and decolouration of the photochromic dyes are affected by both the physical and chemical environments that surround the photochromic molecules (Such et al., 2003) .
Applications of photochromic dyes can create smart fashion effects on fabric, as well as enhance fabric performance in UV protection. Several methods have been reported for the preparation of photochromic textiles, including conventional dyeing techniques to incorporate photochromic dyes into the polymer matrix inside textile fibres (Wang & Wu, 1997) , and the immobilisation of microencapsulated photochromic dyes onto textile surfaces (Galbraith, 2004 ).
However, the conventionally dyed photochromic fabrics tend to give a slow colour-switching speed, because the rigid polymer matrix physically restricts photochromic transformation, while the surface coating of photochromic microcapsules imparts a relatively harsh handle to the coated fabric.
In our previous work (Cheng et al., 2007) , we demonstrated that photochromic dye molecules can be incorporated into organic-inorganic hybrid silica through a sol-gel process to form photochromic silica coatings on wool fabrics. A large number of "nano-sized" pores contained by the organic-inorganic hybrid silica provides an ideal host for photochromic molecules (Wirnsberger et al., 2000) , as these tiny pores offer sufficient free volume for the photochromic molecules to accomplish the photochromic transformation (Wirnsberger et al., 2000; Avnir et al., 1985; Trepte & Ttcher, 2000) .
As a result, the photochromic coating exhibits a very fast photochromic response with minimal influence on the fabric handle, which is attributed to the fact that silane precursors with long alkyl chains result in less rigid pores in the silica matrices. However, our recent study has indicated that photo durability remains a problem for photochromic fabrics.
Spirooxazines have demonstrated good resistance to photochemical degradation on prolonged exposure to UV irradiation. However, they still fade irreversibly over time (Crano & Guglielmetti, 1999) .
The reason for the degradation of photochromism is attributed to the interactions between oxygen and photomerocyanine forms of the dyes under UV irradiation (Baillet et al., 1993; Salemi et al., 1995) .
To overcome photodegradation, spirooxazines are stabilised by various methods, such as the addition of UV stabilisers (Chu, 1984; Tateoka et al., 1988) .
In general, UV stabilisers are classified as UV absorbers, quenchers and free radical scavengers, according to the action mode. UV absorbers work by absorbing UV radiation and converting it into thermal energy. Quenchers are light stabilisers that capture the energy absorbed by the photochromic chromophores and dispose of it efficiently to prevent degradation. The energy can be dissipated as heat, or fluorescent or phosphorescent radiation. The general mechanisms for the stabilisation of hindered amine light stabilisers (HALS) include free radical scavenging, and energy transfer or peroxide decomposition. For example, Chu (Chu, 1984) reported that the addition of an organonickel complex, Cyasorb® 1084, to a cellulose acetobutyrate polymer which contains spironaphythoxazine dyes, increases photostability considerably. Chu (Chu, 1988 ) also demonstrated that the addition of a HALS, Tinuvin® 770 (Ciba-Geigy), to spirooxazine-containing polymer films, improves light stability. Tateoka et al. (Tateoka et al., 1988 ) disclosed the use of hindered phenols, such as 2,6-di(tert-butyl)phenol, as stabilisers for spirooxazines in polyvinylbutyal. The hindered phenols improve not only photochromic durability, but also the speed at which the spirooxazine ring opens and closes.
In this study, four UV stabilisers, which include absorber, quencher and free radical scavengers, are chosen as additives to increase the photostability of photochromic silica coatings. The influence of the UV stabilisers on the photochromic behaviour is also examined.
Experimental

Materials
The following materials were obtained from Aldrich:
2-hydroxy-4-methoxybenzophenone (HMBP), 2-(2Hbenzotriazol-2-yl) -4-(1,1,3,3-tetramethylbutyl) phenol (Tinuvin 329) and poly(4-hydroxy-2,2,6,6-tetramethyl-1-piperidine ethanol-alt-1,4-butanedioic acid) (HALS-622).
The fabric used in the experiment was an undyed, double jersey knitted interlock of 245 grams per square metre, obtained from AIM Sports Pty Ltd in Australia. It was made from 19.5 µm of Australian merino wool top which had been chlorine/Hercosett treated to machine washable (Woolmark machine wash) standards. A visual inspection of the face and back of the fabric showed 12 stitches per cm in the wale direction and 10 stitches per cm in the course direction.
Silica Sol Preparation and Fabric Coating
Silica sols were prepared by mixing OTES, TAS, ethanol and water with a molar ratio of TAS: OTES: H 2 O: Ethanol = 1:32: 100: 320. The mixture (pH ≈ 5-6) was stirred intensively at room temperature for 24 hrs. A photochromic dye-ethanol solution of 10 mL (0.6% weight in volume) was then mixed with a synthesised sol-gel solution (10 mL), and stirred at an ambient temperature for 20 mins to give a homogeneous solution, which was then ready for fabric coating.
To add UV stabiliser to sol solutions, a stabiliser was dissolved in an ethanol solution first, and then, the stabiliser ethanol solution was mixed with the sol solution which contained photochromic dye to produce homogeneous coating solutions. The molar ratio of the photochromic dye: UV stabiliser was controlled at 2:1, 1:1 or 1:2.
The coating solution was padded onto a wool fabric (20×20 cm 2 ) and dried at room temperature. After heating and pre-curing at 110°C for 10 min, the fabric was fully cured at room temperature for 3 days. This treatment effectively stabilises the photochromic properties, but avoids thermal degradation and yellowing of the wool fibres.
Measurements
The surface morphology of coated and untreated fabrics was examined with a NeoScope JCM-5000 scanning electron microscope (SEM) (JEOL, Japan). Photochromic effects were measured with a device that consisted of a DH2000-BAL UV-light source (Ocean Optics) with a wavelength range of 230-2000 nm, an optical fibre UV-VIS spectrometer (SUB4000 UV-VIS, Ocean Optics) and a personal computer. The differential absorption, ∆A=A light −A dark , between the fabric with and without UV irradiation at the wavelength of maximum absorption in the visible wavelength range (400-750 nm) was used to describe the colour changes in all of the optical absorption spectra.
The photochromic response was recorded as the change in the reflectance spectrum of a sample with time when the UV illumination is turned on and off. The rate of development of the photometric colour was expressed by the UV exposure time required for the absorption to increase from its initial value to half of the value at saturation (t 1/2 ). The rate of decrease in photochromic absorption was expressed as the time taken for the absorption to decay to half of its maximum steady-state value after the UV radiation was turned off (t′ 1/2 ). In this study, t 1/2 and t′ 1/2 are determined from the absorption-time strip graph recorded by the SpectraSuite software.
Two methods are used to examine photostability:
Method I: samples were exposed continuously to a strong UV light source, and any changes in the photochromic absorption were measured as a function of the UV exposure time. An Hg metal halide lamp, type OH N30/50E from Heraeus Noblelight GmbH Company, was used as the source of UV light (UV-A: 350-400 nm, relative irradiance around 90-120). The time taken for the fabric to lose 50% of its photochromic effect (T 50% ) was recorded.
Method II: samples were repeatedly covered and uncovered while exposed to direct sunlight. The samples were placed in sunlight, and repeatedly covered and uncovered at about 2.5 minute intervals. In this procedure, a colourless sample was transformed into a coloured state in the presence of sunlight, and then after the colour had stabilised, the sample was returned to a colourless state when the sunlight was blocked. The number of cycles that could be performed before the photochromic effect was no longer visible was recorded.
Results and Discussion
Optical Properties
Four UV-stabilisers were used to improve the photostability of a photochromic dye in a silica matrix. The chemical structures of the stabilisers are listed in Scheme 2. UV-1084 is a quencher type of stabiliser; HMBP and Tinuvin 329 are UV absorbers, while HALS-622 is a free radical scavenger. Figure 1 shows the UV absorption spectra of the UV-stabilisers and photochromic dye (structure of the dye is shown in Scheme 1) in ethanol. The strong absorption bands of the photochromic dye overlap with those of the UV-stabilisers in a range between 280 nm and 350 nm, except for UV-1084 in which the main absorption band ranges between 230 nm and 300 nm. HALS-622 is absorbed over a wider range from 270 nm to 320 nm. The absorption for Tinuvin 329 extends to longer wavelengths, from 260 nm to 380 nm. A similar result can also be seen for HMBP UV absorption. Typical UV absorption spectra of photochromic dye-OTES silica coated fabric samples before and after UV irradiation are shown in Figure 2a . No optical absorption is found in the visible range when the fabric was not irradiated with UV light. When the fabric was exposed to UV light, a visible absorption with its peak at 620 nm appears in the spectrum. The data of photochromic absorption at 620 nm are listed in Table 1 .
Incorporation of a UV stabiliser into a photochromic dye-containing silica matrix led to a decrease in photochromic absorption intensity, depending on the type of UV stabiliser. As listed in Table 1 , when UV-1084 is used, the absorption peak is very similar to the control sample (without UV stabiliser). This result follows from the fact that UV-1084 does not strongly absorb UV radiation in the same region as the photochromic dye. HALS-622 decreases the photochromic absorption slightly. However, when Tinuvin 329 and HMBP are used, the absorption intensity drops significantly. It is noted that both Tinuvin 329 and HMBP strongly absorb UV radiation at the same wavelengths as the photochromic dye. These compounds appear to have a strong shielding effect on the dye, thereby lowering the photochromic colouration effect. In addition, with increasing concentrations of UV stabilisers, the photochromic absorption intensity decreases slightly. By real-time recording of the optical absorption at 620 nm, the optical response speed of the photochromic fabric was examined. As shown in Figure 2b , the optical absorption reaches a saturated state within a few seconds of UV irradiation, and the absorption decays rapidly to the original state as soon as the irradiation stops. The optical response and the fading speed are calculated based on the UV exposure period to reach half of the saturated absorption (t 1/2 ) and the initial fading period to reduce half of the absorption (t' 1/2 ) after UV exposure. A reduction in both t 1/2 and t' 1/2 indicates an improvement in the speed of colour change.
The addition of UV stabilisers slows down the optical response of the photochromic effect (Table  1) . For different types of UV stabilisers, UV-1084 has the largest reduction in photochromic response, about 3.6 and 0.5 seconds in delay for colouration and decolouration, respectively. The other stabilisers have less effect, but the differences between these compounds are not very great. Also, the concentration of the UV stabiliser slightly affects the response speed. With an increase in the concentration of UV stabiliser, a slower photochromic response is observed.
A fast optical response can be achieved if the photochromic transformation is free of steric hindrance that requires free volume around the molecules. The change in optical response speed due to the addition of a UV stabiliser to the matrix can be explained as the influence of the UV stabiliser in the silica matrix on the physical and chemical environment of the silica matrix. Fig. 3 . a) The T 50% of photochromic fabric treated with HMBP-containing OTES silica; b) T h e f i r s t 2 9 c o l o u r a t i o n a n d decolouration cycles of a photochromic fabric. Figure 3a shows the optical absorption change of a photochromic fabric under a long exposure time to a strong UV light. The photochromic half-lifetime (T 50% ) is calculated according to the result. The T 50% data of the photochromic fabrics with and without the presence of a UV-stabiliser in the coating is given in Table 1 . The addition of stabilisers prolongs the T 50% . The stabiliser type influences the T 50% values. UV-1084 shows the highest effectiveness to slow down degradation.
It should be noted that this life time data was obtained under the irradiation of a strong UV light. A much longer photochromic life time will be achieved if it is tested under normal sunlight. Also, the small difference in the half lifetime shown in Table 1 suggests a large difference in photostability under normal sunlight.
Another method to examine photostability is through the cycling lifetime. In the test, optical absorption at 620 nm was recorded continuously while a UV light was switched on and off at 2.5 minute intervals. This laboratory procedure mimics a sunlight exposure test in which the samples are successively exposed and covered at 2.5 minute intervals. The number of cycles that the photochromic wool fabric samples could undergo before they lose their photochromic effects is also given in Table 1 . As shown in Figure 3b , the photochromic effect is seen to decline slowly. The type of UV stabiliser affects the number of lifetime cycles. UV-1084 improves the number of cycles much more than the others, followed by HALS-622, Tinuvin-329 and HMBP.
Scheme 3 The mechanism for UV-1084 as a UV stabiliser.
The most effective stabiliser is UV-1084 (quencher), and this type of stabiliser is believed to take over the energy of the dye (designated K in Scheme 3) in its excited state and dispose of it, thereby preventing degradation of the dye.
Tinuvin-329 and HMBP, which are strong UV absorbers, appear to reduce the amount of UV irradiation available to excite the photochromic dye. Therefore, their main effect is reduction of the photochromic effect.
Scheme 4 The radical scavenging mechanism of HALS-622
In the case of HALS-622 (Scheme 4), which is a radical scavenger, the isolation of stabiliser molecules from photochromic dyes, even in different pores, may not have made them totally ineffective since the small size of the [O] radicals permit them to diffuse through the relatively unreactive silica matrix. Hence, the number of [O] radicals, which may cause decomposition of the photochromic dye, could be reduced. Therefore, this would be expected to contribute to a positive effect on the improvement in the stability of the photochromic effect. Figure 4 shows the surface morphologies of wool fibres before and after the coating treatment. A relatively smooth fibre surface with scale structures is clearly observed on the untreated fibres, but the scale edges are indistinct because of the chlorine / Hercosett treatment (Figure 4a ).
Surface Morphology
In fact, each fibre is covered with a continuous layer of crosslinked polyamide epichlorohydrin resin -Hercosett 128 (Makinson, 1979) .
The silica coatings appear to be well spread over the surfaces of the fibres (Figures 4b ~ 4d ). The addition of UV stabiliser in the silica coating solution has very little effect on the surface morphology of the coated fibres (Figure 4c) , and there is very little appearance change in the fibres after the fabric was exposed to UV irradiation for 16 hours. 
Conclusion
A spirooxazine dye and a silane that bears a long alkyl chain have been used to produce hybrid photochromic silica coatings on wool fabrics. Four stabilisers are used to improve the photostability of the photochromic coating. It is found that the addition of UV stabilisers slightly reduces the photochromic response speed and photochromic absorption. However, the addition of UV stabilisers to the photochromic coating considerably improve photochromic lifetime. Among the four UV stabilisers studied, the quencher shows the best improvement to photostability with the lowest reduction in the photochromic absorption. Such treatments can be used to perform different functional coatings on fabrics.
